The effects of extracellular potassium chloride concentrations (0, 2, 4, 4.6, 5, and 8 mM.) on simultaneously recorded transmembrane action potentials and contractions of human papillary muscle were investigated. In a potassium-free solution the early changes observed were a shortening of the action potential duration (APD) at the 25% level of repolarization, and no change or a slight increase in the APD at the 90% level of repolarization.
but also reduces the positive inotropic action.
2) The present paper is intended to study the effects of extracellular potassium on the transmembrane potential and contraction of human papillary muscle. It is also intended to study the mechanism of enhancement of toxicity of cardiac glycosides and reduction of the positive inotropic effect of cardiac glycosides in the presence of lower extracellular pottassium.
A temporal parallelism between the shortening of the action potential duration (APD) and the positive inotropic effect of cardiac glycosides has been demonstrated in the cardiac muscle of sheep,3),4) dog,5) and guinea-pig.6) Cardiac glycosides have been reported to inhibit the magnesium (Mg++)-dependent and sodium (Na+)-potassium (K+)-activated membrane adenosinetriphosphatase (ATPase) in guinea-pig cardiac muscle.7)-10) It has been suggested that the shortening of the action potential duration with ouabain might be linked with the inhibition of the membrane ATPase which is responsible for the active transport of Na+ and K+, and which in turn might increase the contractility of the myocardium by increasing the calcium (Ca++) uptake and by increasing the availability of ATP which is not utilized for the membrane transport of Na+ and K+.6),11),12) Activation of the membrane ATPase has been reported to be dependent upon the presence of a definite ratio of extracellular sodium and potassium.7),13) The former investigators have reported that ATPase in the guinea-pig heart was inhibited in a potassium-free (KCl-free) solution and also that there was a direct relationship between the concentration of extracellular potassium and the activity of the membrane ATPase up to a limiting value.
If the assumption is correct that the shortening of the APD and the associated increase in the contraction in cardiac muscle produced by ouabain is due to an inhibition of the membrane ATPase, then in KCl-free solution where the ATPase is inactive, there should be a shortening of the action potential duration accompanied by a corresponding increase in the contraction. Also in muscle equilibrated in KCl-free solution, there should be a direct relationship between extracellular KCl (which stimulates membrane ATPase) and an increase in the APD associated with a corresponding decrease in the cardiac contraction. If ouabain and KCl-free solution both affect the APD and contraction through the inhibition of the membrane ATPase , then the effects of ouabain should be either absent or markedly reduced in the absence of potassium.
The present study deals with the effects of various concentrations of KCl, and the effects of ouabain in the presence or absence of KCl on the simultaneously recorded transmembrane potential and contraction of human papillary muscle. Fig. 1 . Fig. 1 shows the methods used to measure the action potential duration of the simultaneously recorded transmembrane action potential (lower record) and force of contraction (upper record) of human papillary muscle. O , resting potential.
Calibration for magnitude of action potential in mV., APD in msec., and muscle tension in Gm. are indicated. The measurements of APD at 25%, 50%, and 90% levels of repolarization are shown. These measurements have been chosen arbitrarily. Vol. 12 No. 3 
RESULTS
Effect of 0 mM. KCl: When the muscle was exposed to KCl-free KrebsRinger solution, there was an immediate (within 2 min.) shortening of the action potential duration associated with an increase in the force of contraction. These changes progressed with time for 20 to 25 min. after which no further appreciable increase in the force of contraction associated with the reduction in the APD was observed for a period of 1 hour. Initially there was a shortening of the APD at the 25% level of repolarization and no change or a slight increase in APD at the 90% level of repolarization. Later on, shortening of the APD at the 50% level of repolarization was also observed. There was a slight increase in the amplitude of action potential. Reduction in the APD at the 25% and 50% levels of repolarization was associated with an increase in the force of contraction. Such changes were observed in all the experiments (8 experiments) of which Fig. 2 is representative. Fig. 3 represents the sequential changes in the contractile force and action potential duration at 25%, 50%, and 90% levels of repolarization produced by KCl-free KrebsRinger solution. A progressive increase in the force of contraction associated with a progressive decrease in the APD at the 25% and 50% levels of repolarization was observed in all the experiments. It was observed that the reduction in the APD at the 25% level of repolarization was proportionately greater than that at the 50% level of repolarization (Fig. 3) . It was observed that the increase in force of contraction in KCl-free solution was better correlated with the changes in action potential duration at the 25% and 50% levels of repolarization than with changes at the 90% level of repolarization (Fig. 3) .
Effect of increased extracellular KCl: Fig. 4 shows the changes in the action Vertical bar represents standard error. (+) and (-) signs represent respectively the increase and decrease in the APD. Note the increase in the APD at 25% levels of repolarization associated with decrease in the force of contraction. Fig. 5 represents the sequential changes in the contractile force and APD produced by 2 mM. KCl. The changes in the force of contraction were associated more with changes in the APD at the 25% and 50% levels of repolarization than with changes at the 90% level of repolarization. Although there was an increase in the APD at the 25% and 50% levels of repolarization, there was a small decrease in the APD at the 90% level of repolarization. The changes in the APD at the 90% level of repolarization were not associated with changes in the force of contraction (Fig. 5) .
To demonstrate the effect of concentrations of KCl higher than normally used in the Krebs-Ringer solution a concentration of 8 mM. KCl was chosen. Fig. 6 shows the changes in the APD and contractile activity of papillary muscle exposed to 8 mM. KCl after equilibration in 0 mM. KCl solution. There was an immediate increase in the APD associated with a decrease in the force of contraction. Although there was an increase in the APD at the 25% and 50% levels of repolarization, there was a shortening of the APD at the 90% level of repolarization. The increase in the APD was less than that with 2 mM. The vertical bar represents standard error.
(+) and (-) signs represent respectively the increase and decrease in the APD. Note the increase in APD at 25% and 50% levels of repolarization associated with the decrease in force of contraction.
Also note the decrease in APD at the 90% level of repolarization. or 4.6 mM. (control) potassium chloride. The force of contraction on the other hand was much reduced as compared to that with either 2 mM. or 4.6 mM. potassium chloride. Also a shift of KCl from 4.6 mM. to 8 mM. resulted in a shortening of the action potential duration and a decrease in force of contraction.
Various concentrations of KCl used in this study demonstrated that the increase in the extracellular potassium produced an increase in the APD and a corresponding decrease in the force of contraction except 8 mM. KCl (Figs.  7 and 8) . It was observed that there was a relation between the KCl concentration and decrease in the contraction of the muscle. Fig. 8 Effects of ouabain: Effects of ouabain (10-9M.) on the transmembrane action potential and contraction of human papillary muscles in normal KrebsRinger solution were observed for 50 min. in 6 experiments. Fig. 9 is representative of the changes produced by ouabain. There was a shortening of the APD and an increase in the force of contraction which appeared between 20 to 25 min. after exposure of the muscle to ouabain. These changes in APD and contraction progressed with time for 50 min. when the effects were quite marked. Initially there was a shortening of the APD at 25% level of repolarization. Later on the shortening of the APD at 50% level of repolarization was also observed. The APD at 90% level of repolarization was usually unchanged. Shortening of the APD at 25% and 50% levels of repolarization was associated with an increase in the force of contraction.
Effects of ouabain on the muscles preincubated in KCl-free solution: If both ouabain and KCl-free solution are assumed to affect the APD and contraction of the heart muscle through the inhibition of the membrane ATPase, then ouabain should be ineffective in producing its effects on the APD and contraction of the muscles in KCl-free solution where the ATPase is inhibited. Six experiments were carried out in which the muscles were first exposed to KCl-free solution. Twenty min. later, ouabain was added to the same bath to give a final concentration of 10-8 M. ouabain and the effects were observed for another 60 min. The results of such treatment are summarized in Fig. 10 . Potassium chloride-free solution produced a marked shortening of the APD and an increase in the force of contraction in the muscles. Ouabain caused no further increase in the force of contraction. On the contrary there was a small insignificant decrease in the force of contraction at the end of 1 hour of exposure of the muscle to ouabain. The shortening of the APD continued but the change was very small. These results indicated that ouabain was Vol. 12 No. 3 ineffective in producing its effects on the muscles preincubated in KCl-free solution.
Effects of removal of potassium on the ouabain treated muscles: To demonstrate the similarity of action of KCl-free solution and ouabain, 6 experiments were carried out in which the following procedures were used in succession. The muscles were exposed to KCl-free solution for 20 min. They were then equilibrated in normal Krebs-Ringer solution for 30 to 40 min. before their exposure to ouabain (10-8 M.) for 60 min. Finally the muscles were exposed to KCl-free solution containing ouabain (10-8 M.) for 20 min. A representative record of the changes produced in APD and contraction of the muscles with such treatment is shown in Fig. 11 . Potassium chloride-free solution (Fig. 11B) or ouabain (Fig. 11C ) alone produced a shortening of the APD and an increase in the force of contraction. The changes in APD and contraction were greater in KCl-free solution than those in the presence of ouabain. The exposure of the ouabain treated muscle to KCl-free solution resulted in a further shortening of the APD and an increase in the force of contraction ( Fig. 11D) . It was observed that the combined effects of ouabain and KClfree solution (Fig. 11D) were not greater than the effects of KCl-free solution alone (Fig. 11B) on the APD and contraction of the muscle strips.
DISCUSSION
This study demonstrates that variation of the concentration of extracellular potassium chloride causes changes in the configuration of action potential and in the force of contraction. Studies with KCl-free solution suggest that there is a temporal relationship between the reduction in the action potential duration at the 25% and 50% levels of repolarization and increase in the force of contraction. Increase in the force of contraction of cat papillary muscle in KCl-free solution has also been reported.15) The temporal relation between changes in the configuration of the action potential and force of contraction was maintained when the concentration of extracellular potassium was increased, but in the opposite direction, i.e., the increase in the action potential duration at the 25% and 50% levels of repolarization were associated with a decrease in the force of contraction. Decrease in the force of contraction with increased extracellular potassium has also been reported in cat papillary muscle. 15) In our study, there was always a shortening in the action potential duration at the 25% and 50% levels of repolarization but lengthening or no change at the 90% level of repolarization in KCl-free solution. Similar results have been reported in guinea pig papillary muscle16) and human papillary muscle.12) In our study, increases in the concentration of KCl up to a certain level (5 mM. KCl) produced increases in the APD. Further increase in the concentration of KCl (8 mM.) produced a reduction in the APD. This shows that the increase in the APD with increasing concentrations of KCl is limited. Similar findings have been reported by Vassalle17) in Purkinje fibres of sheep and calf hearts. He found that the longest APD was in 1.8 mM. KCl and with further increase in KCl there was a corresponding decrease in the APD. Shortening of the action potential duration has also been reported in mammalian papillary and Purkinje fibres in conditions where KCl was elevated to 8.1 and 13.5 mM. or where KCl was reduced to 0.35 and 0.67 mM. This shortening of the APD at the 50% or less than 50% level of repolarization was associated with the lengthening of the APD at the terminal phase of repolarization.18) It has been reported that a reduction of K+ to levels near zero causes a fall in transmembrane potential and other deteriorative changes. 19) No deteriorative changes can be assumed in the present study because the contractions of the muscle increase in KCl-free solution. Also, subsequent exposure of the muscle to KCl solutions brought back the muscle activity to control levels.
Ouabain in our experiments produced a shortening of the action potential duration and an increase in the force of contraction. These effects were concentration dependent (Fig. 9D and Fig. 11C ). These results are in agreement with those reported in papillary muscle of guinea pig12) and trabecular muscle of dog.5)
The changes in configuration of the action potential and force of contraction of human papillary muscle in KCl-free solution resemble those with ouabain. It may be that a similar mechanism of action exists for both KClfree solution and ouabain in the cardiac muscle. Both ouabain7)-10) and KCl-free solution7) have been reported to inhibit membrane ATPase. Also a direct relationship between the extracellular potassium concentration and stimulation of the membrane ATPase has been reported.7) Therefore, it is possible that the changes in configuration of action potential accompanied by changes in the force of contraction are associated with the changes in the ATPase activity produced by changes in the extracellular potassium concentration and by ouabain.
If the increase in the APD and decrease in the force of contraction are associated with the stimulation of the membrane ATPase and if a decrease in the APD and increase in the force of contraction are associated with the inhibition of the ATPase, then with a further increase in the concentration of potassium chloride (8 mM.) which is less effective in increasing APD than lower concentrations (2, 4, 4.6, and 5 mM.), there should have been an increase in the force of contraction. A smaller increase in APD at higher concentrations of KCl (8 mM.) as compared to that in lower concentrations might be due to a smaller increase in the ATPase activity at higher concentrations Jap. Heart J. M ay, 1971 of K+ as reported by Lee and Yu7) in guinea pig heart. But in our study with higher concentrations of KCl (8 mM.) the increase in APD was less than that produced by low concentrations of KCl and the change in APD was associated with a further reduction in the force of contraction. This deviation from the expected results might be due to the depressant effect of high concentrations of K+ on ATP formation. In such cases even if there is inhibition of membrane ATPase, less ATP is spared to be diverted towards the contractile element of the heart muscle. A direct effect of potassium on the contractile mechanism of cardiac muscle has been implicated in the decreased force of ventricular systole produced by elevation of K+ from 4-5 mEq. to 8-10 mEq./L. in man.18) At this point it is worthwhile mentioning that cesium and rubidium which are known to stimulate the nerve membrane ATPase13) have been reported to lengthen the APD and decrease the force of contraction in guinea pig16) and human12) papillary muscle. These results indicate that there is an inverse relationship between the ATPase-induced changes in the APD and force of contraction in human papillary muscle. KCl-free solution and ouabain both of which have been reported to inhibit membrane ATPase, produced a shortening in the APD and a corresponding increase in force of contraction. Also potassium chloride, which has been reported to stimulate membrane ATPase, produced an increase in APD associated with a corresponding decrease in the force of contraction and these changes were concentrationdependent within certain limits. Pretreatment of the muscles with ouabain was not completely effective in preventing the effects of KCl-free solution while pretreatment of the muscle with KCl-free solution completely prevented the effects of ouabain on the APD and contration of the muscle. These differences in the blocking effects of KCl-free solution and ouabain might be due to the differences in the inhibition of the membrane ATPase. Ouabain was ineffective in producing its effects on the muscles previously exposed to KCl-free solution because KClfree solution is known to inhibit the membrane ATPase completely.7) Potassium was effective although to a small extent in producing its effects on the muscles previously exposed to ouabain because this concentration (10-9 M.) of ouabain might not have been enough to inhibit the membrane ATPase completely.
Repolarization in the cardiac muscle is thought to be due to efflux of K+ during activity.20) Shortening of the action potential duration in KClfree solution or in ouabain might be due to an increased efflux of K+ in KCl-free solution and in the presence of ouabain. Similarly, an increase in the APD due to potassium might be due to reduced efflux of K+. An increased efflux of potassium during positive inotropic effects of ouabain has been reported by Muller.4) An increase in the contraction produced by KClfree solution and ouabain might be due to an increased uptake of calcium. An increased uptake of calcium during positive inotropic effects of ouabain has been reported by Lullman and Holland.21) An increased uptake of labelled calcium in heart muscle during potassium lack contracture has also been reported by Thomas.22) Recently, Langer and Brady23) have suggested that K+ efflux is associated with an increased access of Ca++ ions to the contractile site. The increase in the contraction of muscles in KCl-free solution or ouabain might also be due to an increased amount of available ATP, which was not utilized for the membrane transport of sodium and potassium.
A decrease in the contraction produced by potassium might be due to a decreased influx of Ca++. It thus appears that KCl-free solution and ouabain which inhibit membrane ATPase produced a shortening of the action potential duration and an increase in the force of contraction while potassium which stimulates membrane ATPase produced a lengthening of the APD and a decrease in the contraction of the muscle. The increase in the cardiotoxicity of ouabain when given along with the diuretics which lower the blood potassium might be due to an increased inhibition of ATPase leading to a marked shortening of the action potential duration and cardiac arrhythmias.
The decrease in the positive intropic effect of ouabain in the presence of hypokalemia might be due to already inhibited ATPase in presence of hypokalemia.
The effectiveness of diuretics especially those which lower blood potassium , in the mild degree of congestive heart failure, might be due to an inhibition of the membrane ATPase leading to an increase in the force of contraction thus relieving the congestion.
